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Edited by Hans EklundAbstract SufC is an ATPase component of the SUF machin-
ery, which is involved in the biosynthesis of Fe–S clusters. To
gain insight into the function of this protein, we have determined
the crystal structure of Escherichia coli SufC at 2.5 A˚ resolution.
Despite the similarity of the overall structure with ABC-ATP-
ases (nucleotide-binding domains of ABC transporters), some
key diﬀerences were observed. Glu171, an invariant residue in-
volved in ATP hydrolysis, is rotated away from the nucleotide-
binding pocket to form a SufC-speciﬁc salt bridge with
Lys152. Due to this salt bridge, D-loop that follows Glu171 is
ﬂipped out to the molecular surface, which may sterically inhibit
the formation of an active dimer. Thus, the salt bridge may play
a critical role in regulating ATPase activity and preventing
wasteful ATP hydrolysis. Furthermore, SufC has a unique Q-
loop structure on its surface, which may form a binding site
for its partner proteins, SufB and/or SufD.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Iron–sulfur (Fe–S) proteins are found in a variety of organ-
isms and are required for a number of processes essential to
cells, such as respiratory and photosynthetic electron transport
and the regulation of gene expression [1]. In Fe–S proteins,
iron atoms are bridged by inorganic sulfur atoms in the form
of [4Fe–4S], [3Fe–4S], and [2Fe–2S] clusters, which are further
ligated to the polypeptides primarily via the thiolate side
chains of cysteines. Fe–S clusters have recently been shown
to be formed via three biosynthetic systems, termed the NIF
(nitrogen fixation) system, the ISC (iron–sulfur cluster) system,
and the SUF (mobilization of sulfur) system, which are
encoded in bacteria by the nif (NifiscA-nifSU), isc (iscSUA-
hscBA-fdx), and suf (sufABCDSE) operons, respectively
[2–8]. The components of the ISC machinery are conserved
in mitochondria from lower to higher eukaryotes, whereas*Corresponding author. Fax: +81 6 6850 5425.
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doi:10.1016/j.febslet.2005.11.058the SUF homologs are distributed in plastids as well as in
Eubacteria and Archaea [6,9–12]. The ubiquitous distribution
and primordial origin of these biosynthetic systems reﬂect their
fundamental roles in living world.
The three biosynthetic systems share limited similarity. They
all contain a cysteine desulfurase (NifS, IscS, and SufS) as well
as an A-type scaﬀold protein (NifIscA, IscA, and SufA),
whereas the remaining components play distinctive roles in
their respective systems [6,10,11,13]. For instance, SufB, SufC,
SufD, and SufE are the remaining components of the SUF
machinery in which their crucial roles have been established
in Escherichia coli by mutational and complementation analy-
ses [6,8,11]. Biochemical studies have revealed the speciﬁc role
of SufE; SufE interacts with SufS and enhances its cysteine
desulfurase activity [14,15]. Although the exact functions of
SufB, SufC, and SufD are still unknown, the three components
have been shown to associate into a stable complex and, in the
presence of SufE, further stimulate the cysteine desulfurase
activity of SufS [15].
The SufC homologs, which all share at least 30% sequence
identity, have strictly conserved Walker A (P-loop) and
Walker B motifs (Fig. 1), and have been shown to exhibit
ATPase activity [7,16]. More interestingly, SufC shares limited
sequence similarity (625% identity) with members of the ATP-
binding cassette (ABC)-ATPase family, the nucleotide-binding
components of ABC transporters. ABC transporters consist of
two membrane-spanning domains that form a translocation
channel, and two cytosolic ABC-ATPase domains that power
the transport of substrates across membranes using ATP
hydrolysis [17–20]. In eukaryotic systems, these domains are
fused into one polypeptide chain, whereas the prokaryotic
counterparts are usually found as distinct subunits. In addition
to the Walker A and Walker B motifs that are commonly
found in nucleotide triphosphate-binding proteins, SufC
contains sets of amino acids that are characteristic of ABC-
ATPases, including an ABC signature motif, a Q-loop, and a
D-loop (Fig. 1). Thus, the similarity to the ABC-ATPases
encompasses the entire sequence of SufC, although the protein
is not associated with membrane-spanning domains; instead,
SufC forms a soluble complex with SufB and SufD [7,15].
Structural studies of the SufB, SufC, and SufD proteins can
provide critical insights for understanding the function of the
SufBCD complex. Recently, the crystal structure of the SufD
protein from E. coli was reported [21]. SufD consists of three
domains: an N-terminal helical domain, a core domain, and
a C-terminal helical domain. Interestingly, the core domainblished by Elsevier B.V. All rights reserved.
Fig. 1. An alignment of SufC sequences from E. coli, Synechocystis sp. PCC6803, Bacillus subtilis, Sulfolobus tokodaii, and Thermus thermophilus
with various ABC-ATPases whose structures have been published: HlyB (PDB: 1MT0), MalK (PDB: 1G29), MJ1267 (PDB: 1G9X), and HisP (PDB:
1B0U). The conserved residues are shown in bold font. The residues conserved between the SufC proteins are highlighted in blue, and those
conserved among all of the proteins are highlighted in red. The secondary structures of E. coli SufC and HisP are shown above and below the
alignment, respectively, in which 310 helices are labeled g.
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right-handed parallel b-helix. Here, we report the crystal struc-
ture of the SufC protein from E. coli at 2.5 A˚ resolution; this
structure provides detailed information regarding the active-
site residues conserved between SufC and ABC-ATPases. Fur-
thermore, structural and sequence comparisons suggest that
the surface Q-loop that is characteristic of SufC may interact
with SufB and/or SufD. The role of a newly identiﬁed salt
bridge between Lys152 and Glu171 near the active site will also
be discussed.2. Materials and methods
The sufC gene was ampliﬁed from genomic DNA of E. coli by the
PCR using the primers 5 0-CATATGTTAAGTATTAAAGATTTAC-
3 0 and 5 0-GGATCCTCGAGCTCACTGCTGTTCGGTAAGCCAG-
3 0 (the underlined positions indicate NdeI and BamHI sites, respec-
tively), and cloned into the NdeI/BamHI sites of the pET-21a(+) vector
(Novagen). The full-length SufC protein (without a histidine tag) was
expressed in E. coli C41(DE3) [22] cells in TB medium containing
ampicillin (50 lg/ml) at 28 C. The cells were harvested, resuspended
in buﬀer A (20 mM Tris–HCl at pH 7.8), and disrupted by sonication.
The soluble fraction was subjected to ammonium sulfate (AS) fraction-
ation at 20% saturation. After centrifugation, the supernatant fraction
was loaded onto a Butyl-Toyopearl 650-M column (TOSOH), and the
bound protein was eluted with a decreasing linear gradient of 20–0%
AS in buﬀer A. Fractions containing SufC were collected and concen-
trated with AS at 60% saturation. The precipitate was dissolved in buf-
fer A, loaded onto a Mono Q HR 5/5 column (Amersham Bioscience),
and eluted with a linear gradient of 0–500 mM NaCl in buﬀer A. SufC
was further puriﬁed by gel ﬁltration using a HiPrep 16/60 Sephacryl S-
200 HR column (Amersham Bioscience), from which SufC eluted as a
monomer with an apparent molecular mass of 29 kDa. The puriﬁedSufC protein exhibited weak ATPase activity (0.06 lmol ATP hydro-
lyzed min1 mg1) in a linked enzyme assay that coupled the forma-
tion of ADP to the oxidation of NADH [16].
Crystallization was performed with the hanging-drop vapor-diﬀu-
sion method. Crystals of SufC were obtained at 20 C using a reservoir
solution containing 20% (w/v) polyethylene glycol 6000 and 100 mM
bicine (pH 9.0). The protein concentration was 10 mg/ml in 10 mM
MgCl2 and 50 mM HEPES at pH 7.0. Crystals were transferred to a
cryo-protectant solution containing 20% (v/v) glycerol and ﬂash-
cooled in a nitrogen gas stream at 100 K. Diﬀraction data were col-
lected at 100 K on an MAR CCD detector using synchrotron radiation
(k = 1.000 A˚) at the BL41XU station of SPring-8, Japan. Intensity data
were processed using the HKL2000 package [23]. SufC crystals be-
longed to the space group P21 with unit-cell dimensions a = 78.5 A˚,
b = 46.7 A˚, c = 149.3 A˚, and b = 91.8.
The structure was solved by the molecular replacement method
using a polyalanine model of SufC from Thermus thermophilus [24]
as the search probe. Rotational and translational searches with MOL-
REP [25] in the CCP4 package using the diﬀraction data (15.0–4.0 A˚
resolution) located three of four crystallographically independent mol-
ecules in an asymmetric unit. The Fo–Fc map calculated with the phase
angels based on the atomic coordinates of the three molecules clearly
showed electron density for another molecule. The fourth molecule
was located by rotational and translational searches with MOLREP
based on the Fourier map. The structural model was subjected to ri-
gid-body reﬁnement for 50–3.0 A˚ resolution data using CNS [26],
and revised with Xﬁt. The structural model was further reﬁned at
2.5 A˚ resolution with the simulated annealing protocol of CNS, fol-
lowed by energy minimization and individual temperature-factor
reﬁnements. The ﬁnal R-factor and Rfree are 22.4% and 29.8%, respec-
tively. Statistics of the data collection and structure reﬁnement are
summarized in Table 1. Coordinates for the E. coli SufC structure have
been deposited at the RCSB Protein Data Bank under the accession
code 2D3W. The software used was PROMOTIF [27] for secondary
structure assignment, PROCHECK [28] for the geometry of the ﬁnal
model, LSQMAN [29] for superposition and r.m.s. deviations of the
structures, and ConSurf [30] for phylogenetic analysis of surface
conservation.
Table 1
Data collection, reﬁnement, and model statistics
Data collection statisticsa
Wavelength (A˚) 1.000
Resolution limit (A˚) 50.0–2.5
Completeness (%) 94.2 (84.6)
No. of observed reﬂections 129496
No. of unique reﬂections 36078
Redundancy 3.6 (3.4)
I/rI 11.8
Rsym (%)
b 6.8 (31.5)
Reﬁnement statistics
Resolution range (A˚) 50.0–2.5
Crystallographic R-factorc/Rfree
d 0.224/0.293
Number of water molecules 34
Root-mean-square deviations from ideality
Bond lengths (A˚) 0.009
Bond angles () 1.4
Average B value (A˚2) 51.4
Ramachandran plot
Most favored (%) 85.1
Additionally allowed (%) 13.9
Generously allowed (%) 1.0
aThe numbers in parentheses correspond to the highest-resolution shell
(2.59–2.50 A˚).
bRsym =
P
i
P
hkl|Ii(hkl)  ÆI(hkl)æ|/
P
hkl
P
iIi(hkl).
cR-factor =
P
hkliFo(hkl)|  |Fc(hkl)i/
P
hkl|Fo(hkl)|.
dRfree value calculated for 10% of the data set not included in the
reﬁnements.
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3.1. The structure of E. coli SufC
Four molecules of E. coli SufC were present in an asymmet-
ric unit of the crystal. SufC, however, appears to exist as a
monomer, because the buried interface was small (6800 A˚2).
Biochemical evidence also suggests that no oligomeric assem-
bly of this protein exists. The reﬁned model for chain A
consists of residues 1–244 (of 248 total residues) with the C-
terminal four residues omitted due to poor electron density.
The structures of chain A and the other three molecules
(chains B, C, and D) are almost identical; r.m.s. diﬀerences
are less than 0.77 A˚ for the main-chain Ca atoms.Fig. 2. A ribbon representation of the overall structure of E. coli SufC. The c
The motifs conserved in ABC-ATPases are depicted by diﬀerent colors: Walke
Q-loop, orange; and D-loop, dark blue. The side chains of Lys152 and Glu17
domains, are represented by stick models in blue and magenta, respectively.As with the members of the ABC-ATPase family, SufC has
an L-shaped structure that can be divided into two domains: a
RecA-like catalytic a/b domain seen in many ATPases, which
contains the nucleotide-binding Walker A and Walker B mo-
tifs, and a helical domain speciﬁc to ABC-ATPases, which con-
tains an ABC signature motif (Fig. 2). The overall structure of
SufC is similar to those of all the other ABC-ATPases so far
determined. The highest degree of similarity was observed in
the comparison with HisP, the ATP-binding subunit of the his-
tidine permease from Salmonella typhimurium, which showed
an r.m.s. diﬀerence of 1.58 A˚ for 167 Ca atoms including both
the catalytic a/b domain and the helical domain (Fig. 3A) [31].
Two b-sheets in the catalytic domain are highly conserved be-
tween SufC and the ABC-ATPases; HisP, however, contains a
12-residue insertion that forms a short b-sheet in a surface loop
that is absent in SufC and other ABC-ATPases. The a-helical
structures also diﬀer slightly: two helices (a5 and a10) located
at the molecular surface of HisP are not seen in the SufC struc-
ture. In addition, SufC shows atypical structures for the D-
loop (between b7 and a6) and Q-loop (between b6 and a3).
With the exception of these minor diﬀerences, both proteins
have similar secondary structures and overall topologies, de-
spite the fact that the two proteins share low sequence identity
(22.8%). SufC also shows structural similarity to other water-
soluble ABC-ATPases such as Rad50 (DNA repair enzyme)
[32] and RLI (ribosome biogenesis protein) [33], but to a lesser
extent than those for the components of membrane-bound
ABC transporters.
3.2. Architecture of the ATP-binding site
Fig. 3B shows a close-up view of the superposition of the ac-
tive-site regions of SufC and S. typhimurium HisP. Most of the
residues implicated in ATP binding and hydrolysis are con-
served. The Walker A motif (residues Gly34 to Ser41 in SufC)
encompasses the N-terminal turn of helix a1 and part of the
preceding loop, in which the conserved residues provide inter-
actions that stabilize the nucleotide in the binding pocket. In
the structures of nucleotide-bound ABC-ATPases including
HisP, the Walker A residues are positioned around the phos-
phate groups of the ATP molecule and form several hydrogen
bonds with the oxygen atoms using their side-chain and main-
chain atoms [17,31,34–36]. A stacking interaction between theatalytic a/b domain is shown in green and the a-helical domain in blue.
r A motif, red; Walker B motif, magenta; ABC signature motif, yellow;
1, which are involved in a salt bridge between the catalytic and helical
Fig. 3. Comparison of the structures of E. coli SufC and S.
typhimurium HisP. (A) Superposition of the overall structures. The
SufC structure in the same orientation as the left panel of Fig. 2 is
shown in light pink, whereas HisP is depicted in pale cyan. The D-loop
and Q-loop are represented in blue and green, respectively, for SufC,
and in red and yellow, respectively, for HisP. (B) Comparison of the
active-site regions. Color-coding is the same as in (A) and the color of
the label corresponds to the backbone color-coding scheme. The ATP
molecule bound to HisP is shown with blue nitrogen atoms, red oxygen
atoms, and gray carbon and phosphorus atoms.
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commonly observed in the structures of nucleotide-bound
ABC-ATPases. Although the aromatic residue is replaced by
a valine residue at position 11 in the SufC structure, the super-
position of these residues suggests that Val11 contributes to
the stabilization of the ATP molecule through a hydrophobic
interaction with the adenine base. The Walker B motif (resi-
dues Leu166 to Asp170) lies in the b7 strand in SufC, in which
the invariant aspartate residue is likely to be involved in ATP
hydrolysis through an interaction with the catalytic magne-
sium ion [17,36].
SufC diﬀers from ABC-ATPases, however, in the side-chain
orientation of Glu171, an invariant residue immediately fol-
lowing the Walker B motif. In the structures of ABC-ATPases,
the corresponding glutamate residues interact with the c-phos-
phate group of ATP via a water molecule [31,34,36]. In con-trast, Glu171 is not available for ligand binding in the SufC
structure; the side chain is rotated away to form an ion pair
with the amino group of Lys152, which is located near the
ABC signature motif in a5. Additionally, a substantial confor-
mational diﬀerence between SufC and ABC-ATPases, which is
probably induced by this salt bridge, is observed in the D-loop
that follows Glu171 and links b7 and a6. The Glu171–Lys152
salt bridge and the accompanying conformational change were
observed in all four of the SufC molecules that make up an
asymmetric unit of the crystal. So far, non-canonical organiza-
tions of the active site residues have been observed for two
ABC-ATPases, GlcV and HylB, in their nucleotide-free forms.
The Walker A residues of GlcV form an additional helical turn
[37], and in HlyB, the glutamate residue just after the Walker B
motif (corresponding to Glu171 in SufC) forms a salt bridge
with the Walker A lysine [38]. The aberrant structures of the
Walker motifs have been proposed to contribute to the control
of ATPase activity [37,38].3.3. Implications of the Lys152–Glu171 interaction
Lys152 and Glu171 are phylogenetically invariant residues
found in all SufC proteins, and the salt bridge between these
residues has also been observed in T. thermophilus SufC [24].
In contrast, such a salt bridge is not seen in other ABC-ATP-
ases in which the residue corresponding to Lys152 is not abso-
lutely conserved (glutamine and arginine predominate at this
position). In ABC-ATPases, the invariant glutamate residue
just after the Walker B motif (Glu171 in SufC) has been pos-
tulated to act as catalytic base that activates a nucleophilic
water molecule for the attack on the ATP c-phosphate. Muta-
tion of the equivalent glutamate residues in MJ0796, MJ1267,
and GlcV, three ABC-ATPases, results in proteins that form
stable dimers in the presence of ATP but show impaired rates
of ATP hydrolysis [34,37,39]. Given the critical importance of
the glutamate residue for the inter-molecular interaction and
ATP hydrolysis, the present SufC structure may represent a
stable, ‘latent’ form of the protein that is not immediately
available for ATP binding and hydrolysis, and could explain
the extremely low ATPase activity of SufC [7,16]. We speculate
that the Lys152–Glu171 salt bridge serves as a regulatory
mechanism to prevent wasteful ATP hydrolysis by SufC. The
ability to switch from the latent to the active form may require
the dimerization of SufC or the formation of a complex with
SufB and SufD.
A series of recent structural studies have provided compel-
ling evidence that ABC-ATPases undergo structural rearrange-
ment upon ATP binding, a 20 rigid-body rotation of the
helical domain toward the catalytic a/b domain [17–
19,32,34–37]. However, the present structure of the nucleo-
tide-free SufC exhibits higher degree of similarity to the
ATP-bound form of ABC-ATPases rather than the nucleo-
tide-free form. For instance, SufC was superimposed well onto
the structure of ATP-bound MJ0796, which did not require
relative motions of the two domains, with an r.m.s. diﬀerence
of 1.45 A˚ for 154 Ca atoms. In contrast, the superimposition
on the nucleotide-free MJ0796 showed a similar r.m.s. diﬀer-
ence (1.44 A˚) but only for 137 Ca atoms (not shown). The
closed structure of SufC, mimicking the ATP-bound state of
ABC-ATPases, is likely to be stabilized by the Lys152–
Glu171 salt bridge that links between the helical domain and
the catalytic a/b domain.
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According to the current view, ABC-ATPases form transient
dimers as a catalytic step for ATP binding and hydrolysis [17–
20]. The head-to-tail dimer structure was ﬁrst demonstrated
for the DNA repair enzyme Rad50 and then for several
ABC-ATPases such as the E171Q mutant of MJ0796 and the
H662A mutant of HlyB [32,34–36]. In these dimers, the two
subunits are aligned such that the nucleotide is bound at the
dimer interface and sandwiched between the Walker motifs
of one subunit and the ABC signature motif of the other.
Hence, we generated a putative dimer model of SufC by simply
superimposing the subunits onto the structure of the ATP-
bound HlyB (H662A) dimer, since the SufC structure is closely
related to the nucleotide-bound form of ABC-ATPases. The
resulting model suggests that the dimeric association of SufC
would be possible if two ATP molecules were properly posi-
tioned in the active sites composed of the ABC signature and
Walker motifs between the two subunits (Fig. 4A). An obstacle
to the dimer assembly is the steric hindrance at the interface
that is caused by the D-loops protruding from the two mole-
cules. The loop structures, however, appear to be ﬂexible; the
segment has high temperature factors for one molecule of an
asymmetric unit and, in the other three molecules, one to four
of the residues are disordered. Another possible explanation is
that cleavage of the salt bridge between Glu171 and Lys152
upon dimerization of SufC may induce a conformational
change in the D-loop structure. Further studies are required
to fully appreciate the functional status of the protein. At-
tempts at crystallization of the SufC dimer either in the pres-
ence or absence of nucleotides have been unsuccessful.
3.5. Phylogenetic conservation of the molecular surface of SufC
Figs. 4B and C show the molecular surface of the model of a
SufC dimer color-coded according to the sequence conserva-
tion that was calculated from a phylogenetic alignment of
114 SufC sequences (ABC-ATPase sequences were not in-
cluded). The region of strong sequence conservation (shown
in magenta) resides in the central cavity, where two putative
nucleotide-binding sites are positioned at the interface of the
two molecules. The cavity is lined by invariant residues from
the ABC signature motif (Phe146, Ser147, Gly148, andFig. 4. The dimer model of E. coli SufC and the conservation of the surface r
SufC dimer with the D-loops at the interface highlighted by thick lines. The
ATP-bound HlyB (H662A) dimer (PDB: 1XEF). Two ATP molecules at the i
ABC signature motifs are shown in yellow. (B) A ConSurf image in the same o
in magenta, whereas variable sites are shown in white and highly variable site
the images shown in (A) and (B).Glu150), Walker A motif (Ser41), and Walker B motif
(Asp170). In addition, strong conservation is evident for
Glu171 and the residues of the D-loop (Asp173 and Ser174)
in this cavity. This is consistent with the proposed role of this
segment; the Glu171–Lys152 salt bridge and the concomitant
conformational change of the D-loop structure may act as a
molecular switch that controls dimer formation and ATP
hydrolysis.
On both sides of the cavity, two protruding knobs are made
by the residues of the Q-loop, which are also conserved in the
SufC sequences (Gln85, Pro87, Glu89, and Gly92). It is note-
worthy that in the structures of ABC transporters such as
MsbA and BtuCD, the corresponding Q-loop contributes to
the inter-domain interaction between the ABC-ATPase do-
main and the transmembrane domain to facilitate the trans-
mission of the conformational change that ultimately drives
substrate translocation across the membrane [20,40,41].
Although SufC shows an atypical Q-loop structure (Fig. 3A),
the strong conservation between the SufC sequences suggests
that SufC has a distinct binding-site architecture around the
Q-loop to allow interactions with its partner proteins, SufB
and/or SufD. We have recently isolated a SufCD binary com-
plex in addition to the SufBCD ternary complex (K. Wada,
unpublished), which indicates that SufC directly interacts with
SufD. A computer simulation for the interaction between the
structures of SufC and SufD, however, did not yield any signif-
icant binding model. It is tempting, therefore, to speculate that
‘‘induced ﬁt’’ conformational change of the Q-loop is involved
in the interaction between the two molecules. Further bio-
chemical, mutational, and structural studies are needed to elu-
cidate the structure–function relationship of the SufCD and
SufBCD complexes.
While this paper was under review, a paper by Watanabe
et al. [24] was published, reporting the crystal structure of T.
thermophilus SufC. T. thermophilus SufC and E. coli SufC
share 51.2% sequence identity and their tertiary structures
show high similarity; the main chain atoms superimpose with
an r.m.s deviation of 0.72 A˚. The Lys–Glu salt bridge and
the atypical, protruding structure of Q-loop are also conserved
between the two molecules. An important diﬀerence, however,
is observed in the D-loop region. In contrast to the ﬂexibleesidues among the SufC orthologs. (A) A ribbon representation of the
model was obtained by superimposing two SufC structures onto the
nterface of the HlyB dimer are included in the model (black sticks). The
rientation as in (A) for the SufC family. Conserved residues are shown
s in blue. (C) The ConSurf surface rotated 90 relative to the y-axis of
142 S. Kitaoka et al. / FEBS Letters 580 (2006) 137–143loop structure of E. coli SufC, the D-loop residues of T. ther-
mophilus SufC form a rigid 310 helix that is stabilized by a
hydrogen-bond network, making the dimer formation more
unfavorable without the rearrangement of this region. This is
consistent with our notion that cleavage of the Lys–Glu salt
bridge and the concomitant conformational change of the D-
loop structure are involved in the assembly of the active dimer
for ATP binding and hydrolysis.
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